A planar mixed-potential type sensor consisting of La0.8Sr0.2Cr0.5Fe0.5O3- sensing electrode, yttria-stabilized zirconia solid electrolyte, and Pt reference electrode was developed for H2 detection. The sensor showed high and repeatable response with a value of -143.6 mV for 1000 ppm H2 at 450 ˚C. The sensor response varied linearly or logarithmically with the hydrogen concentration in the range of 20-100 ppm and 100-1000 ppm H2, respectively. The response/recovery time generally decreased with increasing concentration and temperature, and reached almost steady above 300 ppm H2. Response time as short as 4 s and recovery time of 24 s were attained at 450 ˚C for 500 ppm. The sensor exhibited excellent selectivity to hydrogen against interference of CH4, C3H8, CO, NO2, and NH3. The mixed-potential mechanism was assessed by electrochemical measurements, and the sensing behavior was discussed in relation to the reaction kinetics. The excellent H2 sensing performance for concentrations above 100 ppm is ascribed to the high electrocatalytic activity of the perovskite electrode to H2 oxidation. The inferior performance for 2 lower H2 concentrations may be related with slow gas diffusion in the electrode.
defined as ΔEMF= EMFgas -EMFair, where EMFgas and EMFair represent the EMF of the sensor in sample gas and in air, respectively. Response/recovery time of the sensor was defined as the time for the sensor response to achieve 90% of the EMF change upon feeding/removal of H2. The polarization curves and AC impedance spectra were measured using an electrochemical workstation (CHI604E, Chenhua, China) with a three-electrode configuration. In this case, the CE was also connected to form a current conduction circuit with the SE to avoid polarization of the SE. The 
Results and discussion

Materials properties and microstructure
As revealed by XRF, the atomic metal compositions of the as-received LSCF and respectively. SEM images in Figure 3 showed that both the LSCF SE and Pt RE were highly porous, which would be beneficial to the gas transport during the sensing measurements. The thickness of the SE and RE was 70 m and 50 m, respectively.
The particle size of LSCF was typically in the range of 100~200 nm. Upon exposure of the sensor to hydrogen-containing atmosphere, negative EMF values were observed, which became more negative with increase of H2 concentration.
Sensing properties
As the atmosphere was switched back to air, the EMF could rapidly restore to the initial baseline. Note that in some cases, a spike appeared before the potential reached the plateau value upon introduction of H2, which has similarly been observed by others 3, 20 . The spike appeared to become more pronounced at lower temperatures and higher H2 concentrations, implying that it may be related with the reaction kinetics. It is likely that at the early stage of the sensing upon H2 introduction, the relevant reactions had not reached the steady state, giving rise to the occurrence of this H2 was over 4.5 times higher than that to CO, the most responsive interferent, indicating that the sensor is highly selective to H2. repeated. Figure 8b indicates that the sensor was successfully operated for 10 days at 450 ˚C and did not exhibit any significant variation or decay in the response to 100 ppm and 300 ppm H2. These results demonstrated good repeatability and long-term stability of the sensor performance.
Electrochemical processes
In order to explore the reaction mechanism, polarization curves of a separate LSCF/YSZ/Pt sensor were measured at 450 ˚C in air or in the H2 concentration range of 100 ppm-800 ppm. As shown in Figure 9 , the cathodic current (in absolute values) measured in air varied almost linearly with the applied potential. This behavior agrees well with the low overpotential linear approximation of the Butler-Volmer equation, and excludes the Tafel-type kinetics for the cathodic oxygen reduction reaction.
11, 23
The modified anodic polarization curves were obtained by subtracting the current values measured in air from those obtained in H2-containing atmospheres. It can be seen that the anodic current increased with increasing H2 concentration, and also varied linearly with the potential. In combination with the linear oxygen reduction kinetics and the logarithmic H2 concentration dependence of the response in this concentration range, this suggests electrochemical reaction, most likely of Tafel-type kinetics, as the rate-limiting step for the anodic process. 23 In addition, the possibility of a gas diffusion-controlled process can also be excluded. The intersection of the modified anodic polarization curve with the cathodic curve corresponds to the equilibrium of the anodic and cathodic reaction. The EMF calculated from the polarization curves was found to agree well with the measured sensor response for each H2 concentration (Table 1) . This observation clearly demonstrates that sensing of the LSCF/YSZ/Pt sensor followed the mixed-potential mechanism. To gain more insight into the electrochemical process for the sensor, electrochemical impedance spectroscopy was also performed. As shown in Figure 10 , two arcs can be observed in the Nyquist plots obtained in air atmosphere containing 100 ppm-800 ppm H2. The intercept of the high frequency arc with the real axis corresponds to the ohmic resistance (Ro) of the device, and that of the low frequency step, whilst a value of -0.5 corresponded to the charge-transfer reaction limit. 24 If this model also holds for the present case, the much smaller n value obtained here relative to -1 would exclude a significant role of gas diffusion or dissociative adsorption limit.
The observation that the n value was very close to -0.5 at 450 ˚C thus suggests the anodic process may be rate-limited by the charge-transfer reaction. This is also consistent with the results of sensor response and polarization curve measurements in Figure 5b and Figure 9 . Nevertheless, it is noteworthy that the activity of LSCF to the cathodic oxygen reduction reaction as well as to the heterogeneous oxidation of hydrogen, which may also play a significant role in governing the electrochemical behavior of the sensor, 9 still remains unclear. Further investigation is needed in order to shed more light on the detailed reaction mechanism. 
Relation of sensing behavior and reaction kinetics
The response of mixed potential sensors depends on the kinetics of various concentrations below and above 100 ppm ( Figure 5 ). In the higher H2 concentration regime, operation of the LSCF/YSZ/Pt sensor was rate-limited by the Tafel-type kinetics of the electrochemical reactions at the LSCF/YSZ interface. Therefore, the high H2 sensitivity of the sensor can be attributed to the high electrochemical activity to H2 oxidation of LSCF, which favors fast reaction kinetics. The much lower electrochemical activity to methane oxidation than to H2 oxidation for LSCF, which has been revealed in the SOFC studies, 16, 25 is consistent with the poor methane response of the sensor in Figure 7 . Therefore, the high H2 selectivity of the LSCF/YSZ/Pt sensor may stem from the superior electrochemical activity of LSCF to H2.
Similarly, the response/recovery speed of the sensor in the higher H2 concentration regime would also be connected with the kinetics of the electrochemical reactions. To gain more insight into this relationship, the mechanism and kinetics of H2 oxidation reaction are discussed as follows. The overall H2 oxidation reaction
generally consists of three steps, H2 adsorption/desorption, oxidation reaction, and H2O desorption/adsorption. 
In these expressions, (g) denotes gas phase and (ads) denotes adsorbed at the LSCF/YSZ interface, and for simplicity H2 dissociation is not discussed here.
Assuming that both adsorption/desorption of H2 and H2O take place very rapidly and thus equilibrium for Reaction 2 and 4 can be established, the overall reaction would be rate-limited by the surface reaction, Reaction 3. According to the Langmuir Adsorption Isotherm 26 , the overall reaction rate can be expressed as
where symbols have their usual meaning. Under the conditions in the present work, the oxygen partial pressure and the H2O partial pressure ( 
which increases with the H2 partial pressure. However, the desorption rate is not constant and will decrease quickly with time in the absence of H2, which prevents further analysis of the recovery process. Despite that the concentration profile of the recovery time resembles that of the response time ( Figure 6 ), different reaction kinetics and mechanisms would be expected due to the different reaction pathways.
The temperature dependence of the response/recovery time in Figure 6 can in principle be explained as a result of an increased reaction/desorption rate at higher temperatures. The distinctly different concentration dependence of the recovery time for 400 ˚C and 450 ˚C in Figure 6b implied that probably a threshold temperature was present between 400-450 ˚C. Below this temperature, desorption may become much more difficult, leading to a longer recovery time and different behavior at 400 ˚C.
At low H2 concentrations (below 100 ppm), diffusion-limited kinetics was observed for the LSCF/YSZ/Pt sensor. This behavior indicates that as compared with the rapid electrocatlytic H2 oxidation reaction, the gas diffusion through the pores in the electrodes was slow, which accounts for the much longer response/recovery time ( Figure 6 ). Meanwhile, insufficient amount of H2 reached the LSCF/YSZ interface, giving rise to rapid linear decay of the sensor response with decreasing H2 concentration (Figure 5a ). Therefore, better sensing performance, e.g., higher sensitivity and faster response/recovery speed, could likely be achieved by optimization of the electrode microstructure enabling fast gas transport. For practical applications, gas sensors are required to simultaneously possess fast response/recovery rate, sufficient sensitivity, as well as a high selectivity and stability.
As compared with state-of-the-art mixed-potential hydrogen sensors (Table 2) oxidation reaction. The inferior performance for low H2 concentrations can be attributed to the slow gas diffusion in the SE electrode.
